The kinetics of [3Hlbilirubin binding to human erythrocyte ghost membranes was investigated. The binding occurred rapidly and was saturable with respect to [3Hlbilirubin and membrane concentration. The apparent dissociation constant (Kd) and maximum binding (Bmax.) for bilirubin of the membranes were 2.3,uM and 0.93nmol/mg of protein respectively. Low-affinity binding, non-saturable at 400,UM, was observed. Thermal dependency of the saturable binding showed a U-shaped curve with the lowest value around 370C. Affinity labelling of the membrane proteins using [3Hlbilirubin-Woodward's reagent K complex did not define individual proteins. The Kd (12,UM) and Bmax (4.4nmol/mg of protein) for bilirubin of the tryptic membranes increased 5.0 and 5.2 times the respective control values (2.4,UM and 0.85 nmol/mg of protein). Heat-treatment of the membranes for 3min at 1000C increased the saturable binding as much as by 222%. These results indicate that there exist saturable bilirubin-binding sites on the erythrocyte membranes and also suggest that they are not composed of proteins.
The kinetics of [3Hlbilirubin binding to human erythrocyte ghost membranes was investigated. The binding occurred rapidly and was saturable with respect to [3Hlbilirubin and membrane concentration. The apparent dissociation constant (Kd) and maximum binding (Bmax.) for bilirubin of the membranes were 2.3,uM and 0.93nmol/mg of protein respectively. Low-affinity binding, non-saturable at 400,UM, was observed. Thermal dependency of the saturable binding showed a U-shaped curve with the lowest value around 370C. Affinity labelling of the membrane proteins using [3Hlbilirubin-Woodward's reagent K complex did not define individual proteins. The Kd (12,UM) and Bmax (4.4nmol/mg of protein) for bilirubin of the tryptic membranes increased 5.0 and 5.2 times the respective control values (2.4,UM and 0.85 nmol/mg of protein). Heat-treatment of the membranes for 3min at 1000C increased the saturable binding as much as by 222%. These results indicate that there exist saturable bilirubin-binding sites on the erythrocyte membranes and also suggest that they are not composed of proteins.
Bilirubin is a bile pigment that is produced from the catabolism of haemoproteins and has toxic effects on many cellular functions (Karp, 1979; Wennberg et al., 1979; Kashiwamata et al., 1979) . Despite the current intensive care of sick newborns, kernicterus continues to occur mainly in premature infants with relatively low levels of serum bilirubin (Kim et al., 1980; Ritter et al., 1982) . Even with numerous reports of many contributing factors for the development of kernicterus, the minimum level of serum bilirubin representing a risk and a full understanding of the factors are as yet unknown.
Jaundiced infants with low plasma pH appear to have an increased risk of developing bilirubin encephalopathy (Kim et al., 1980) . This clinical experience is supported by many experimental works (Diamond & Schmid, 1966; Sawitsky et al., 1968; Nelson et al., 1974; Kashiwamata et al., 1980) . A decreased pH has been shown in vitro to enhance the uptake of bilirubin by erythrocytes (Bratlid, 1972a) and mitochondria (Odell, 1965) when incubated in media containing albumin. The increased risk of bilirubin encephalopathy at low pH has been attributed to decrease in albumin binding of bilirubin (Odell, 1970; Zamet & Chunga, 1971; Bratlid, 1972a; Maisels, 1972) . However, variation of plasma pH within the physiological range does not influence the concentration of unbound bilirubin, a toxic fraction that is not bound to plasma albumin (Nelson et al., 1974; Kashiwamata et al., 1980) . Nevertheless, incorporation of bilirubin into culture cells (Nelson et al., 1974 ) and brain slices (Kashiwamata et al., 1980) markedly increases as plasma pH decreases. These observations indicate that susceptibility of plasma membranes to bilirubin is an important factor to clarify the mechanism of bilirubin encephalopathy.
In comparison with albumin, relatively little is known about membrane binding of bilirubin. Binding of bilirubin with human erythrocyte membranes is well known (Saeki & Maeda, 1932; Watson, 1962; Oski & Naiman, 1963; Cheung et al., 1966; Kaufmann et al., 1967; Bratlid, 1972b; Barnhart & Clarenburg, 1973; Kapool, 1975; Thaler & Wennberg, 1977; Bouillerot et al., 1981) and has been suggested to be a useful criterion for the risk of bilirubin encephalopathy (Kaufmann et al., 1967; Bratlid, 1972b) . Furthermore, a significant increase in erythrocyte glutathione S-transferase activity is reported in newborns with hyperbilirubinaemia, suggesting a physiological role of the cell in bilirubin metabolism (Carmagnol et al., 1981) . However, there is no clear evidence to support the presence of bilirubin-binding sites on the membranes. In the present study, we report the existence of saturable bilirubin-binding sites on human erythrocyte membranes.
Materials and methods Chemicals and enzyme
Bilirubin and trypsin (EC 3.4.21.4) from pancreas were purchased from Merck. Bovine serum albumin (fraction V) was obtained from Armour Pharmaceutical Co.
[3H]Bilirubin and 251I-labelled bovine serum albumin were purchased from Institute National des Radioelements and New England Nuclear respectively. Other reagents were of the highest grade commercially available.
Preparation oferythrocyte membranes
Fresh normal adult erythrocytes were obtained at about 11 :00h with the use of sodium heparin dissolved in 0.9% NaCl (5 mg/ml) as an anticoagulant (0.5 ml of the heparin solution was added to 8 ml of blood). Erythrocyte membranes were prepared by lysis in 10mM-Tris/HCl buffer, pH 7.4, by the method of Okuda et al. (1972) .
Preparation ofbilirubin solution
Bilirubin (8 mg) was dissolved in 0.5 ml of 0.1 M-KOH containing 1 mM-EDTA and centrifuged for 20min at 100OOg (40C). Immediately after centrifugation bilirubin/serum albumin solutions were prepared by using 50mM-Tris/HCl buffer, pH 7.4, including 100 mM-NaCl, 1 mM-EDTA and various concentrations of serum albumin [after addition of serum albumin the pH of the buffer was re-adjusted to 7.4 (measured at 370C) with 0.1 M-KOH containing 100mM-NaCl and 1 mM-EDTA]. The solutions were kept under dim light in an ice bath. The millimolar absorption coefficient of 47.5 litre . mmol-h cm-' at 440 nm was used for aqueous bilirubin [3H] bilirubin/serum albumin (molar ratio of 2). In the present study the difference in concentration between bilirubin and serum albumin added to the medium was defined as free bilirubin, assuming that serum albumin is able to bind bilirubin very tightly with a 1: 1 molar ratio and that an excess of bilirubin over the ratio exists on the serum albumin molecules as a loosely bound form (Odell, 1970; Blauer & King, 1970) . That is, the bilirubin concentrations recorded in the present paper are half the actual total bilirubin concentration. After preincubation for an hour the reaction was started by addition of the membranes. Incubation was carried out for 30min and terminated by centrifugation for 20min at lOQOOg (40C). The wall of the centrifugal tubes and the surface of the pellets were rapidly rinsed with 50mM-Tris/HCl buffer, pH 7.4, containing 100mM-NaCl and 1 mM-EDTA. Washing, instead of rinsing, of the membrane pellets followed by centrifugation was found to be disadvantageous for the present bilirubin-binding study, because dissociation of bilirubin from the membranes during the washing procedure was suggested from formation of two-layered precipitates at the bottom of the centrifugal tubes: one is a milky-white upper layer and the lower layer is an orange colour. The rinsed pellets were suspended in the same buffer (final volume 0.4 ml) and transferred into scintillation vials, to which 0.1 ml of H202 was added. The vials were incubated overnight at 500C to extinguish the yellow colour of bilirubin. Then 4ml of scintillation fluid composed of 1 vol. of Triton X-100 and 2 vol. of toluene containing 0.4% (w/v) 2,5-diphenyloxazole and 0.1% (w/v) 1,4-bis-(5-phenyloxazol-2-yl)benzene was added, and radioactivity was measured.
Analyses ofmembrane-bound [3Hlbilirubin After incubation radioactive bilirubin associated with the membranes was extracted with chloroform/methanol/water (2:5:2, by vol.) and developed on a high-performance t.l.c. plate (Merck no. 5631) with chloroform/acetic acid (100: 1, v/v) as solvent system. Recovery of [3Hlbilirubin was 86%. Alternatively, after diazotization [3Hlbilirubin was extracted with butan-1-ol/propan-l-ol/3% acetic acid (4:3:3, by vol.) (Van Roy et al., 1971) . Of the radioactivity 75% was recovered as azobilirubin. These experiments indicate that the membrane-bound radioactivity is derived from 13HI-bilirubin.
Binding of '25I-labelled serum albumin to erythrocyte membranes Purity of 251I-labelled serum albumin was checked by using a column (3 cm x 44 cm) of Sephacryl S-200 (Pharmacia) equilibrated with 0.1 M-sodium phosphate buffer, pH 7.4, containing 1 mM-EDTA.
Since the peaks of protein and radioactivity were eluted with the buffer in the same position as that of crystalline bovine serum albumin (Sigma), no purification was performed. The specific radio-activity of 1251I-labelled serum albumin was 5.76 Ci/ mol. 125I-Labelled serum albumin binding to erythrocyte membranes was studied in the same manner as described for [3H]bilirubin.
Affinity labelling of bilirubin-binding proteins on erythrocyte membranes
The method of Kuenzle et al. (1976) was used. Synthesized [3H]bilirubin-Woodward's reagent K complex was purified by passing it through a Sephadex G-25 column (34 cm x 2.6 cm) with water as an elution medium. This procedure was repeated twice. The specific radioactivity of the [3Hibili-rubin-Woodward's reagent K complex thus prepared was 3.9 Ci/mol. Before application of the method to the erythrocyte membranes, we followed the original labelling procedures using defatted serum albumin and confirmed the formation of the [3H]bilirubin-serum albumin complex by 1% sodium dodecyl sulphate/polyacrylamide-gel disc electrophoresis. A portion (0.5ml) of the erythrocyte membranes (5mg of protein/ml of 10mM-sodium phosphate buffer, pH 7.4, containing 0.15 MNaCI) and 2.7 mg of 13HJbilirubin-Woodward's reagent K (2.5 pmol) were mixed in a small test tube.
The mixture was stirred under N2 at 200C in the dark for 2 h. EDTA was added to a final concentration of 1 mm, and the pH was raised to about 9.4 with 22.3mg of imidazole. Stirring was continued under N2 at 200C in the dark. After 0.5 and 8h, the membranes were precipitated by centrifugation for 20min at lOOOOg (40C) and washed twice with 10mM-sodium phosphate buffer, pH7.4. The pellets were suspended in the same buffer (200,u1 final volume). Electrophoresis of the products (60,u1) was performed by the method described previously (Sato et al., 1977) . After electrophoresis the gels were cut by a YH slicer (Hotta Rika, Tokyo, Japan) into 4mm-thick slices and put into scintillation vials. The weight of the vials was checked before and after addition of the sliced gels. H202 (0.5 ml) was added to each vial to dissolve the slices and to extinguish the colour. Radioactivities of the slices were expressed as c.p.m./lOOmg of gel.
Tryptic digestion ofmembranes
The erythrocyte-membrane proteins were digested by trypsin for 4 h at 370 C in the reaction mixture containing 1 .Oml of ghost suspension (5 mg of protein/ml), 11.8 ml of 2.5 mM-Tris/HCl buffer, pH 8.1, and 0.3 ml of the enzyme solution (8 units/ml). The control membranes were incubated without the enzyme. The digested membranes were collected by centrifugation for 20min at lOOOOg (40C) and washed by lOmM-Tris/HCI buffer, pH 7.4. The final pellets were suspended in the same buffer to make the original volume of the ghost suspension and used for the bilirubin binding assay.
Other methods
Protein was measured by the biuret method (Layne, 1957) or alternatively by the method of Lowry et al. (1951) with bovine serum albumin as standard. Phosphorus content of the membrane lipids was assayed by the method of Bartlett (1959) . A Beckman LS-233 liquid-scintillation system was used for the assay of radioactivities.
Results

Saturable binding of [3H]bilirubin with erythrocyte membranes
The time course of the [3Hlbilirubin binding to the erythrocyte ghost membranes was studied at 370C in the presence and absence of 100 uM-non-radioactive bilirubin (Fig. 1) . The saturable bilirubin binding was linear with erythrocyte membrane protein over the range 0.1-1.Omg (Fig. 4) . This linear relationship was also observed at the [3Hlbilirubin concentration of 6.6,UM. Fig. 5(a) . The saturable bilirubin binding showed a peak around pH 7. saturable binding increased markedly when pH was decreased below 7.2, and precipitation of bilirubin appeared at the bottom of the assay tubes. Fluctuation of the binding was occasionally observed at low pH, especially in the assay for the non-saturable binding.
The total and saturable bindings showed a U-shaped thermal dependency with a minimum value near 370C and a gradual increase below and above the temperature (Fig. 5b) . The non-saturable binding, however, remained unchanged.
Affinity labelling of bilirubin-binding proteins on erythrocyte membranes
Bilirubin-Woodward's reagent K complex is known to cause a covalent binding of bilirubin to the high-affinity bilirubin-binding sites of serum albumin (Kuenzle et al., 1976) . The reagent was applied to the erythrocyte membranes to examine whether or not there were specific bilirubin-binding proteins on the erythrocyte membranes (Fig. 6 ). Incubation performed for 30min at pH9.4 as described in the Materials and methods section did not produce any peak of radioactivity on sodium dodecyl sulphate/ polyacrylamide-gel electrophoresis. Prolonged incubation (8 h) showed broad peaks of radioactivity corresponding to those of the membrane proteins in the gel. The bound [3Hlbilirubin was only Heat-treatment of the membranes for 3 min at 100°C increased the total and saturable bilirubin bindings by as much as 114 and 222% respectively, with 6.6 pM-[3Hlbilirubin. The non-saturable binding increased by only 26%. These results suggest again that membrane proteins may not constitute the binding sites.
Discussion
It has been reported that high concentrations of steroids and methylxanthines may block the binding of bilirubin to cultured cells, suggesting the possible existence of specific receptors for bilirubin (Rasmussen & Wennberg, 1972) . Tiribelli et al. (1978) described an organic anion-binding protein in rat liver plasma membranes. More recently, Wolkoff & Chung (1980) purified such a binding protein from the same source. However, it has not been demonstrated that there are bilirubin binding sites on the membranes of erythrocytes and other cells, except for the hepatic plasma membranes. In the present study evidence has been given for the existence of saturable bilirubin-binding sites on human erythrocyte membranes by applying a method used in the assay for neurotransmitter binding (Bennett, 1978) .
Almost all the experiments so far reported in vitro have shown that the toxicity or the binding of bilirubin increases as the pH of the incubation medium decreases. It has been suggested that the increased sensitivity of cells to bilirubin at lower pH may be related to the change in the physical state of bilirubin from albumin-bound to unbound form (Odell, 1970; Zamet & Chunga, 1971; Bratlid, 1972b , Maisels, 1972 or anion to acid (Nelson et al., 1974; Brodersen, 1980) . A steep increase of non-saturable bilirubin binding at low pH (Fig. 5a ) may be explained by such a change of loosely bound bilirubin on albumin. However, the results showing that the saturable binding of bilirubin to the erythrocyte membranes has a pH optimum around 7.1 (Fig. 5a) indicate that the cellular susceptibility at lower pH may be determined not only by the physical state of bilirubin but also by the physicochemical conditions of bilirubin-binding substances on the plasma membranes.
The non-saturable bilirubin binding did not change within the temperature range from 0 to 600C (Fig. 5b) , suggesting that loosely bound bilirubin on albumin was not affected by temperature. The saturable bilirubin binding showed a peculiar thermal dependency (Fig. 5b) . The reason for the U-shaped thermal dependency is unknown.
Our attempts to find specific binding proteins for bilirubin on the erythrocyte membranes were unsuccessful (Fig. 6 ). The binding of bilirubin was not reduced but increased by tryptic digestion (Fig. 7) and heat-treatment of membranes. These results strongly suggest that the bilirubin-binding sites on the membranes are not composed of proteins and also that the membrane proteins may function as an effective barrier to the binding of bilirubin.
The Kd and Bmax. values for bilirubin of the saturable binding sites were found to be 2.4, M and 0.93nmol/mg of protein respectively (Fig. 2b) . The Kd was 8.3 times smaller than that reported for the bilirubin-binding protein of the hepatic plasma membranes (20 pM) (Wolkoff & Chung, 1980) . Although the materials and methods used were different, the present data are comparable with those reported by Nagaoka & Cowger (1978) with liposomes and micelles of pure phospholipids as well as mixed lipids extracted from various tissues; they found that the Kd value was distributed from 0.27 pM for sphingomyelin to 4.5 #M for phosphatidylethanolamine. The molar ratio of phospholipid to bilirubin calculated from our data (760) was also similar to their values (250-450) (Nagaoka & Cowger, 1978) . Furthermore, phospholipid (Brodersen, 1979) and ganglioside (Kahan et al., 1968; Weil & Menkes, 1975) have been suggested to interact with bilirubin on the surface of plasma membranes. These data imply that the bilirubin-binding sites on the erythrocyte membranes may be composed of lipids.
In conclusion, we have demonstrated the existence of saturable bilirubin-binding sites on erythrocyte membranes. No evidence for the binding of bilirubin with membrane proteins was obtained. Characterization of the binding sites may reveal the mechanism of entry of bilirubin into the cells and hence information in the prevention of bilirubin-induced encephalopathy.
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